asthma; parainfluenza type 1; interferon-␥-inducible protein 10; suppressive subtractive hybridization; airway epithelial cells RESPIRATORY VIRAL INFECTION during early life has been identified as an important risk factor in the development of asthma (10, 25) . Asthma is characterized by variable and episodic airflow obstruction, airway inflammation, and bronchial hyperresponsiveness (10, 25, 36) . There is strong evidence that asthma is controlled by multiple genes. However, the specific genes and their functions have not been completely characterized (36) .
Parainfluenza type 1 (Sendai) virus infection in inbred rat strains has been developed as an experimental model of asthma induced by viral infection during early life (5, 6, 15, 19, 26, 27, 32, 33) . Virus infection during early life in susceptible BN rats results in acute bronchiolitis and airway injury that is followed by persistent airway inflammation and airway remodeling. Virus-resistant F344 rats develop acute airway inflammation following infection that resolves rapidly and is not accompanied by airway remodeling or airway dysfunction (32) . BN rats develop chronic airway dysfunction in association with airway remodeling that is characterized by increased airway resistance and hyperresponsiveness to methacholine (15) .
Comparative viral pathogenesis studies between BN and F344 rats have demonstrated that F344 rats have slightly more rapid clearance of Sendai virus from lungs than BN rats (27) . Virus-susceptible BN rats develop persistent lymphocytic infiltrates in bronchioles following infection and have Th2-dominated cytokine responses that are associated with low interferon-␥ (IFN-␥) responses (5, 27, 33) . The greater susceptibility of BN rats to developing bronchiolar fibrosis and other remodeling changes that are associated with airway dysfunction is related to higher expression of tumor necrosis factor-␣ (TNF-␣) and transforming growth factor-␤ (TGF-␤) genes in bronchioles during chronic inflammation (32, 33) . We hypothesize that other genes that are differentially expressed in the first 1-3 days after infection are critical in controlling resistance and/or susceptibility to virus-induced airway injury and development of subsequent asthma-like disease.
In this study, we used suppressive subtractive hybridization (SSH) (8) and cDNA library array hybridization to identify mRNA transcripts that were differentially expressed between BN and F344 rats from 1 to 3 days after Sendai virus inoculation. Quantitative RT-PCR assay and Northern blot analysis were performed to confirm the differential expression of target genes. In situ hybridization was used to localize expression of target genes in the lung.
MATERIALS AND METHODS
Experimental strategy to identify susceptibility and resistance genes. This study focused on genes differentially expressed from 1 to 3 days after viral inoculation. Subtracted cDNA libraries were constructed for F344 and BN rats at 1, 2, and 3 days after virus inoculation in BN and F344 rats. Control BN and F344 cDNAs were used from uninoculated rats at day 0 in the study. The cDNA analysis in this study can be simplified as the following steps:
2) infected F344 rat (FI) cDNAs Ϫ control F344 rat (FC) cDNAs ϭ virus-induced genes in F344 rats ϩ Sendai viral cDNAs [B] 3) A Ϫ B ϭ virus-induced, differentially expressed susceptibility genes in BN rats 4) B Ϫ A ϭ virus-induced, differentially expressed resistance genes in F344 rats.
Steps 1 and 2 were accomplished by SSH. Steps 3 and 4 were accomplished with cDNA library array hybridization to identify potential susceptibility and resistance genes.
Rats and virus infection. Male weanling BN/RijHsd and F344/NHsd rats (22 days old) were purchased from Harlan Sprague Dawley (Indianapolis, IN). Eight rats from each infection group were inoculated at 25 days of age via aerosol exposure in a Tri-R aerosol exposure apparatus with strain P3193 Sendai virus [1-3 plaque-forming units (PFU)/ml gas] for 15 min as described (4, 6) . On the study day (0, 1, 2, and 3 days after inoculation) rats were deeply anesthetized with pentobarbital sodium and killed by exsanguination via intracardiac bleeding. Right lungs were pooled by group for poly(A) ϩ RNA isolation, and left lungs were individually frozen for total RNA isolation, which were used for RT-PCR analysis. Four FC rats and four FI rats at 5 days after inoculation were processed for in situ hybridization study. Fifteen-week-old male F344 rats were used to isolate rat tracheal epithelial cells.
Construction of subtracted cDNA libraries. Poly(A) ϩ RNA was isolated with oligo(dT) cellulose (Pharmacia, Piscataway, NJ) as described (7, 21) . The contaminating genomic DNA was eliminated by DNase I treatment (Promega, Madison, WI). cDNA synthesis and SSH were performed using a PCR-Select cDNA Subtraction kit (Clontech, Palo Alto, CA) according to the manufacturer's protocol. Two micrograms of poly(A) ϩ RNA from both infected and control lung samples were used to synthesize cDNAs. cDNA samples from BI and FI rats (tester cDNAs) were subtracted by cDNA samples from BC and FC rats (driver cDNAs), respectively. Subtracted cDNAs were ligated to A/T cloning vector pT-Adv (Clontech) to construct subtracted cDNA libraries for BI and FI rats at 1, 2, and 3 days after virus inoculation. Finally, the ligation product was transformed into TOP10FЈ Escherichia coli-competent cells (Clontech).
Screening of differentially expressed genes in BN and F344 rats. Screening of differentially expressed mRNAs was performed using the method of cDNA library array hybridization with a PCR-Select Differential Screening kit. For each subtracted library, ϳ400 recombinants were randomly picked, and inserts were separately amplified by PCR. PCR product from each colony was arrayed onto eight identical pieces of positively charged nylon membranes for hybridization. Then each membrane was hybridized with one of eight different cDNA probes (BI forward-subtracted, BI reverse-subtracted, FI forward-subtracted, FI reverse-subtracted, BI unsubtracted, BC unsubtracted, FI unsubtracted, and FC unsubtracted probes). Probes were prepared by labeling cDNAs (double-strand tester or driver cDNAs were used to make unsubtracted probes, and subtracted cDNAs were used to make subtracted probes) with [␣-32 P]dCTP. Reverse-subtracted probes were used as a nonspecific control for the forward-subtracted probe. Hybridization was performed at 72°C. Only array elements demonstrating apparent differences in signal intensity between BI and FI rats were selected for further studies.
DNA sequencing of expression sequence tags and BLAST analysis. To obtain sequence information of expression sequence tag (EST) inserts in 63 selected positive clones, the sequencing reaction was performed at the sequencing core laboratory of the Interdisciplinary Center for Biotechnology Research, University of Florida. Sequence data were submitted for sequence similarity search [basic local alignment search tool nucleotide (BLAST) search] at the National Center for Biotechnology Information (http://www.ncbi.nlm. nih.gov) by use of the GenBank database. ESTs that had high (Ͼ98%) similarity with rat reported DNA sequences were regarded as known genes; others were considered as new rat genes.
Confirmation of positive clones by quantitative RT-PCR.
Differential expression of all positive clones selected in cDNA array hybridization was verified by quantitative RT-PCR. Relative mRNA expression levels were compared among BI, FI, BC, and FC rats. Primers were designed with the Prime program in the Genetics Computer Group (GCG, University of Wisconsin, Madison, WI) and synthesized by Sigma-Genosys (The Woodlands, TX). mRNA/cDNA concentration of samples was normalized by ␤-actin. Semiquantitative RT-PCR was performed according to the modified method of Zipris et al. (38) . Briefly, 4 g of total RNA were diluted in 10-fold series with H2O before RT-PCR. The relative abundance of target mRNA was determined by end points, which are the highest dilution yielding visible target DNA bands under UV light. Competitive quantitative RT-PCR was performed with the modified method of Siegling et al. (24) . Briefly, the competitive DNA fragment for each EST clone was prepared by a PCR reaction with a composite primer plus the respective sense or antisense primer. Twofold serial dilution of competitive DNA fragments was used to determine the relative mRNA concentration of target genes. The possibility of contamination was ruled out, as no PCR product was observed in the negative control.
Northern blot analysis and in situ hybridization. Riboprobes were generated by T7 and SP6 RNA polymerase with digoxigenin (DIG)-labeled UTP (Roche Diagnostics, Indianapolis, IN). One microgram of pooled poly(A) ϩ RNA sample from each group was separated on a 1.5% formaldehyde gel and blotted onto a positive charged nylon membrane (Roche Diagnostics). Blotted membrane was fixed and then hybridized at 68°C in DIG Easy Hyb (antisense riboprobe concentration ϳ100 ng/ml). The hybrid signal was detected with chemiluminescent disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2-(5-chloro)tricyclo[3.3.1.1 3 ,7]decan}-4-yl)phenyl phosphate (Roche Diagnostics). DIG-labeled ␤-actin riboprobe (Roche Diagnostics) was used as an internal control to normalize mRNA concentration. Band intensities were compared between samples by ChemiImager 4400 (Alpha Innotech, San Leandro, CA). In situ hybridization was performed as described by Uhl et al. (33) . Lung sections (from FC and FI rats 5 days after virus inoculation) were incubated with DIG-labeled IP-10 antisense riboprobe at 37°C. IP-10 sense riboprobe served as a negative control in this experiment.
Sendai virus infection in cultured rat tracheal epithelial cells. Rat tracheal epithelial cells were isolated from F344 rats and cultured as described by Kaartinen et al. (14) . After cultures had been established for 2 days, tracheal epithelial cells were inoculated with Sendai virus at a multiplicity of infection of 1 PFU/cell. Plates were kept in an incubator at 37°C and 5% CO2 for 84 h; then cells were harvested and stored at Ϫ70°C for RT-PCR analysis. Untreated tracheal epithelial cells were used as control. Assays were run in triplicate.
IFN-␥ was used as a positive control for IP-10 induction in tracheal epithelial cells. Medium in the established 2-day culture of rat tracheal epithelial cells was removed and replaced with fresh rat tracheal culture medium containing various doses of rat IFN-␥ (0, 10, 100, or 1,000 ng/ml; Research Diagnosis, Flanders, NJ). Plates were incubated at 37°C and 5% CO 2 for 8 h. Cells were collected and stored at Ϫ70°C for RT-PCR analysis. Untreated tracheal epithelial cells served as control. Assays were run in triplicate.
IP-10 abundance in cell samples was analyzed by PCR assay. Total RNA of each cell sample was isolated with TRIzol (Life Technologies, Rockville, MD). Forward primer 5Ј-AAGCACCATGAACCCAAGTG-3Јand reverse primer 5Ј-TGCATGTCTAGGTTCCTGTG-3Ј were used in a regular PCR assay. The housekeeping gene ␤-actin was used as an internal control. To relatively quantify IP-10 mRNA abundance in these samples, competitive quantitative RT-PCR assay was performed using the method described in Confir- 
RESULTS

Construction of subtracted cDNA libraries and differential screening.
With SSH, subtracted lung cDNA libraries were constructed for virus-inoculated BN and F344 rats at 1, 2, and 3 days after Sendai virus inoculation. PCR assay indicated that Ͼ90% of the clones in libraries carried a cDNA insert. A total of 63 clones were identified as positive from 2,406 subtracted cDNA clones by cDNA library array hybridization ( Table 1) .
Identification of cDNA inserts. To identify cDNA inserts in the 63 positive clones, recombinants were sequenced and analyzed by BLAST search (1). Twentyeight (44.4%) of them were identifiable as segments of cDNAs contained in GenBank, and 35 (55.6%) were unknown and submitted to the GenBank database. However, RT-PCR analysis indicated that most of the 63 clones were false positive (no significant difference between infected and control rats). Only seven clones were confirmed as inducible by Sendai virus infection and are summarized in Table 2 .
Magnitude of differential expression determined by quantitative RT-PCR. The magnitude of difference in mRNA abundance of differentially expressed EST inserts among FI, BI, BC, FC rats was further examined by quantitative RT-PCR. Semiquantitative RT-PCR analysis showed that, at 3 days after inoculation, interferon-regulatory factor 7 (IRF-7) mRNA expression was induced by Sendai virus in both BN and F344 rats. However, there was no difference in levels of expression between FI and BI rats (data not shown). Similarly, expression of rat RNA helicase induced by virus 1 (RHIV-1) was upregulated by virus infection in both BN and F344 rats at 2 days after inoculation (data not shown). Bone-expressed sequence tag 5 (Best5) was also induced in a similar manner between rat strains at 2 days after virus inoculation (data not shown). Mx1 expression was induced by virus infection as early as 2 days after virus inoculation in both BN and F344 rats. At 2 days after virus inoculation, Mx1 mRNA abundance in FI rats was 188.2% greater than that in BI rats (Fig. 1A) . Expression of guanylate-binding protein-2 (GBP-2) peaked at 2 days after virus inoculation. Competitive quantitative RT-PCR indicated that GBP-2 mRNA levels in FI rats were 281.7% higher than those in BI rats at 2 days after inoculation ( BI1, BN rats at 1 day after inoculation; FI1, F344 rats at 1 day after inoculation; BI2, BN rats at 2 days after inoculation; FI2, F344 rats at 2 days after inoculation; BI3, BN rats at 3 days after inoculation; FI3, F344 rats at 3 days after inoculation. 1B). Although differential expression of IP-10 was initially identified at 3 days after virus inoculation, its mRNA expression was already elevated 100-fold at 2 days after inoculation in both BN and F344 rats. Quantitative RT-PCR demonstrated that IP-10 mRNA in F344 rats was 201.5% greater than that in BN rats at 2 days after virus inoculation (Fig. 1C) . Virus-induced IP-10 mRNA abundance was still at high levels at 5 days after virus inoculation in both BN and F344 rats (data not shown).
IP-10 differential expression indicated by Northern blot.
Differential expression of IP-10 was further verified by Northern blot. As seen in Fig. 2 , IP-10 baseline expression in both BN and F344 rats was undetectable by Northern blot analysis. At 3 days after virus infection, IP-10 mRNA expression levels were dramatically upregulated in both F344 and BN rats. Comparison of band intensities normalized by ␤-actin indicated that FI rats had 213.0% greater IP-10 mRNA than BI rats. This result was consistent with the findings from quantitative RT-PCR assay.
Airway epithelial cells highly express IP-10 mRNA at 5 days after virus inoculation. Localization of IP-10 mRNA expression was performed by in situ hybridization. Only a very weak signal was detected in normal rat lung. However, the signal was much stronger in airway epithelial cells of F344 rats at 5 days after virus inoculation (Fig. 3) . This showed that rat airway epithelial cells had been induced to express abundant IP-10 mRNA after Sendai virus infection.
Sendai virus infection can directly induce IP-10 expression in cultured tracheal epithelial cells.
Increased IP-10 mRNA abundance was detected in virus-infected tracheal epithelial cells at 84 h after inoculation (Fig.  4) . Competitive quantitative RT-PCR further showed that IP-10 mRNA abundance was increased 10-fold at 84 h after Sendai virus inoculation (Fig. 5) . As a positive control, IFN-␥ (1,000 ng/ml) increased the IP-10 mRNA abundance ϳ100-fold at 8 h after the addition of IFN-␥ (Figs. 4 and 5) . Induction of IP-10 expression was activated even at a low dose (10 ng/ml) of IFN-␥ (Figs. 4 and 5) .
DISCUSSION
Previous studies demonstrated that the greater susceptibilities of BN rats to Sendai virus-induced chronic airway inflammation, airway remodeling, and airway ϩ RNA was loaded onto each lane, separated, and blotted onto a membrane hybridized with digoxigenin (DIG)-labeled IP-10 riboprobe. ␤-Actin was used to normalize mRNA abundance in samples. FC, control F344 rats; BC, control BN rats; FI3, FI rats at 3 days after virus inoculation; BI3, BI rats at 3 days after virus inoculation. dysfunction were associated with low IFN-␥ and high interleukin (IL)-4, TNF-␣, and TGF-␤ compared with responses of virus-resistant F344 rats (5, 32, 33) . These differences were detected by Northern blot analysis and quantitative RT-PCR between 3 and 14 days after virus inoculation. In the present study, we reasoned that gene differential expression at times between 1 and 3 days after inoculation was probably important in initiating the cascade of resistance/susceptibility genes that we had detected to date. We combined SSH and cDNA library array hybridization, which have been used successfully by others (16, 20) , to identify differentially expressed mRNAs in F344 and BN rats during the early time following virus inoculation. We found that Sendai virus infection increased expression of IRF-7, Best5, RHIV-1, GBP-2, Mx1, and IP-10 in BN and F344 rats at 2 days after inoculation. IP-10, Mx1, and GBP-2 are induced by virus at higher levels in rats was of particular interest because of the potential role that it might play in the resistance to virusinduced airway injury and dysfunction.
IP-10 is a non-ELR CXC chemokine (22) . IP-10 participates in many disease processes with two basic functions: promotion of Th1 cell responses and angiostatic activity. First, as a CXC chemokine, IP-10 can selectively recruit activated T cells, monocytes, and natural killer cells into inflammatory sites (9) . T cells recruited by IP-10 are dominated by Th1 cells, since its receptor (CXCR3) is expressed at high levels on Th1 lymphocytes and at low levels on Th2 lymphocytes (23) . In addition, in vivo and in vitro studies have also indicated that IP-10 can promote expression of the Th1 cytokine IFN-␥ (11, 35) . Th1 responses, therefore, are selectively enhanced in IP-10-dominant inflammatory sites. In this study, we found that the IP-10 gene was expressed to higher levels in infected F344 rats than in BN rats at the early time after virus inoculation. This higher expression of IP-10 might contribute to Th1-dominant cytokine expression in infected F344 rats observed in the previous studies (5, 28) . Second, IP-10 is implicated in the inhibition of endothelial cell proliferation and angiogenesis and furthers the development of remodeling (2) . This inhibitory activity has been characterized extensively in idiopathic pulmonary fibrosis and bleomycin-induced pulmonary fibrosis (2, 9). Our results make it reasonable to speculate that higher expression of IP-10 in F344 rats may be an important mechanism in their resistance to Sendai virus-induced chronic airway inflammation and airway fibrosis (32, 33) through regulation of recruitment of activated T cells and related regulation of airway inflammation and repair.
In a separate series of studies (3), we tested whether blocking IP-10 early in the course of Sendai virus infection would alter the development of airway inflammation and fibrosis. F344 rats treated with a neutralizing rabbit antibody against IP-10 recruited fewer lymphocytes into lung than rats treated with normal rabbit serum at 7 days after virus inoculation (3). Neutralizing IP-10 activity resulted in a paradoxical increase in IFN-␥ protein production in the lung at 7 days after inoculation (3). However, no difference in severity of chronic airway inflammation and fibrosis was associated with IP-10 neutralization. If IP-10 plays an important role in regulating susceptibility to virus-induced airway damage, it is probably a complex interaction with other cytokines such as IFN-␥.
Although IP-10 can be induced by IFN-␥ in human monocytic cells (17) , IP-10 is more than the downstream product of IFN-␥, since that expression of IP-10 is also induced by lipopolysaccharide, IL-1␣, IFN-␣, IFN-␤, IL-6, and TNF-␣ (9) and since IP-10 can also promote Th1 responses and IFN-␥ production (11, 35) . Therefore, a feedback loop between IP-10 and IFN-␥ could potentially influence disease processes. In this study, the possibility that differential expression of IP-10 is the result of the difference on IFN-␥ expression between F344 rats and BN rats cannot be completely excluded. However, we found that Sendai virus infection in airway epithelial cells can directly induce IP-10 expression without the concurrent presence of IFN-␥.
Cultured human tracheal epithelial cells can express IL-6, IL-1␤, IL-8, TNF-␣, and intercellular adhesion molecule-1 in response to viral infection. (30, 31) Our study shows for the first time that cultured rat tracheal epithelial cells are induced to express IP-10 after Sendai virus inoculation.
Mx1 was identified as an INF-inducible protein that confers resistance to rhabdovirus and influenza virus (29) . Previous studies of our rat model (26) showed that F344 rats have a slightly more rapid clearance of virus from lungs compared with BN rats. It is possible that early higher Mx1 protein expression in F344 rats may enhance the clearance of pulmonary virus and lessen the induction of exaggerated repair processes that lead to airway fibrosis and airway remodeling, eventually.
Mouse GBP-2 was initially identified from INF-␥-induced bone marrow-derived macrophages. Except for GTPase activity in vitro, little information on its function is available. Because the induction of GBPs is common to many cell types that respond to IFNs, it is possible that GBPs may mediate some responses induced by IFNs in inflammatory and autoimmune diseases (34) .
IRF-7 is a transcription factor that regulates expression of IFN-␣ and RANTES (regulated upon activation, normal T cell expressed and secreted) (12, 18) . RHIV-1 is homologous to human RIG-I. It was evident that infection of another RNA virus, porcine reproductive and respiratory syndrome virus, could also induce expression of RNA helicase (37) . Best5 has been documented primarily as an INF-inducible gene expressed during osteoblast differentiation and bone formation (13) .
In conclusion, we used suppressive subtractive hybridization, cDNA library array hybridization, and quantitative RT-PCR to identify seven mRNA transcripts induced by Sendai virus infection in young F344 and BN rats in this study. Of them, IP-10, GBP-2, and Mx1 were expressed to much higher levels in infected F344 than in infected BN rats at 2 days after virus inoculation. The higher expression of these three genes might play an important role in the development of Th1 responses, rapid virus clearance, and resistance to virus-induced chronic airway inflammation and fibrosis in F344 rats following Sendai virus inoculation.
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